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(57) Abstract: A silicon substrate is coated 
with one or more layers of resist. First 
and second circuit patterns are exposed in 
sequence, where the second pattern crosses 
the first pattern. The patterned resist layers 
are developed to open holes which extend 
down to the substrate only where the 
patterns cross over each other. These holes 
provide a mask suitable for implanting 
single phosphorous ions in the substrate, 
for a solid state quantum computer. Further 
development of the resist layers provides 
a mask for the deposition of nanoelectronic 
circuits, such as single electron transistors, 
aligned to the phosphorous ions. 
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Title 

Fabrication of Nanoelectronic Circuits 



Technical Field 

5 This invention concerns the fabrication of nanoelectronic circuits, and 

in particular methods of fabrication of nanoelectronic circuits suitable for 
solid state quantum computer control and read-out In a further aspect it 
concerns circuits made using the method. 

10 Background Art 

One proposed architecture for fabricating a solid state quantum 
computer (SSQC), involves an array of phosphorous-31 ( 31 P) atoms embedded 
in a silicon matrix to provide the quantum bits (qubits). In this design 1 ' 2 the 
qubit information is encoded on the nuclear spin of the phosphorous atoms, 

15 which have a very long spin relaxation time at low temperatures. Interactions 
between qubits is mediated via the donor electrons associated with the 
phosphorous atoms, which can be conveniently controlled using gate 
electrodes. Alternatively the qubit information can simply be encoded on the 
electron spin 3 , although in this case the quantum computation is more 

20 susceptible to decoherence errors, as the electron spin relaxation time is 
much shorter that the nuclear spin relaxation time. 

Qubit read-out in both nuclear spin 1,2 and electron spin 3 SSQC designs 
requires an ability to determine the spin state of a single electron. A method 
proposed by Kane 1,4 uses a single electron transistor (SET) device near a pair 

25 of phosphorous atoms to determine the spin state of the resulting two- 
electron system, using the phenomenon of Pauli exclusion. Therefore a 
critical requirement of the nanoelectronic circuitry for the SSQC is the 
integration of conducting control gates (used to manipulate the nuclear or 
electronic spin of the qubit) in close proximity to SET devices (used to detect 

30 single charge displacement and so perform qubit read-out) 1 . SET devices can 
be conveniently fabricated from aluminium/aluminium oxide (A1/A1 2 0 3 ) 
structures using a double-angle metal evaporation technique 5,6 . The control 
gates and SETs must also be aligned (or registered) to the underlying 31 P 
donors, which constitute the qubits in the SSQC. 

35 The sensitivity of SETs to charge motion between two locations can be 

increased by using two SETs, on either side of the region of interest, and 
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correlating the output of the two devices. This approach was first applied in 
the study of Quantum Cellular Automata by Amlani et al. 7 in 1997. 

Summary of the Invention 

5 The invention is a method for fabricating nanoelectronic circuits, 

including the steps of: 

Coating a semiconductor substrate with one or more layers of resist; 
Exposing (writing) a circuit pattern into the layer(s) of resist, followed 
by development of this pattern, if required; 
10 Coating this substrate with one or more additional layers of resist, if 

required; 

Exposing (writing) a second circuit pattern into the resist layers, such 
that this pattern crosses the previously exposed pattern; 

Developing the patterned resist layers to open holes through them 
15 which extend down to the semiconductor substrate surface only where the 
patterns cross over each other; 

Implanting an ion through each hole; 

Further developing the patterned resist layers to open further areas of 
the semiconductor substrate surface around the holes; 
20 Evaporating metal at different angles through remaining resist layers to 

create active devices and conducting control gates on the semiconductor 
substrate surface positioned relative to the implanted ions as determined by 
the angle of evaporation. 

25 One circuit pattern may define the geometry of the active devices and 

conducting <and control gates, and the other circuit pattern may define the 
locus on which the holes are to be opened for the ion implantation. Both 
circuit patterns can be written with the same resolution and accuracy as each 
other but it may not be possible to register the patterns to one another with 

30 such accuracy. In this case the circuit patterns themselves maybe designed 
to ameliorate the disadvantages of this inaccuracy. In particular the pattern 
for the active devices and conducting gates may be a series of parallel straight 
lines and the other pattern may be a straight line transverse to the straight 
lines of the other pattern. In this case the other pattern will ensure the ions 

35 are implanted in a straight line across the active devices and conducting 
gates, even if the line is not placed in precisely the correct location. 
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A method of fabricating nanoelectronic circuits suitable for solid state 
quantum computer control and read-out utilises a three (or more)-layer resist 
with one or more ions implanted through each hole, and double (or triple)- 
angle metal deposition to create the active devices, such as SETs, and the 
5 control gates, such as the !A f and J gates 1 registered with sufficient accuracy 
above the implanted ions. It will be appreciated that only one ion is 
implanted through each hole in the nuclear spin and electron spin quantum 
computers currently proposed. 

One example of such a process comprises the steps of: 
10 Coating a semiconductor substrate with a first resist (resist 1); 

Writing a first pattern (pattern A) for the locus of ion positions into 
resist 1; 

Developing the first pattern (pattern A); 

Coating with a second resist (resist 2); and then with a third resist 
15 (resist 3) of lower sensitivity than resist 2, where both resist 2 and resist 3 use 
a different developer solution (or process) to resist 1; 

Writing a second pattern (pattern B) for the metal circuitry into the 
resist layers such that the second pattern crosses over the first pattern; 

Partially developing the second pattern (pattern B), such that trenches 
20 are opened in resists 2 and 3 only where pattern B is defined, and such that 
holes down to the silicon substrate are opened only where patterns A and B 
cross each other; 

Implanting single ions through each hole; 

Fully developing pattern B, to create a cavity region under resist 3; 
25 Removing the remainder of resist 1 which lies within the cavity; 

Evaporating metal at a first angle through the resist layers; 

Oxidising the surface of the first metal layer; 

Evaporating metal at a second angle through the resist layers; 

Evaporating metal at a third angle through the resist layers; 
30 Lifting-off all resist layers in solvents to reveal completed device and 

passivating or glassivating the surface as required; 

Annealing the sample to activate the dopants and remove ion-beam 
damage. 

35 In the case of electron beam lithography (EBL) alignment is limited by 

the ability to focus on registration features at the low beam currents needed 
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for high-resolution pattern exposure. Consequently, it is difficult to achieve 
alignment better than 50 nm, which would not be sufficient for SSQC 
devices. The key advantage of the double exposure process described here is 
that ultra-high accuracy alignment is not required. The crossed exposure 
5 patterns create a mask for subsequent ion implantation which is perfectly 
aligned to the control gates in one direction. Alignment in the direction 
perpendicular to this is far less critical. In addition, the donor ions which 
constitute the qubits in the SSQC are all precisely aligned to each other. 

10 The key advantage of simultaneous deposition of the SET electrodes 

and the control gates is that only one high-resolution lithography exposure is 
needed to define all metal circuitry. If the SET electrodes and the control 
gates were deposited in two different process steps (which would be the case 
if different materials were used for each) it would be necessary to align the 

15 two circuit patterns to each other with a degree of accuracy better than the 
SET-to-control gate separation. The technique described here provides 
perfect self-alignment of metal features, in that all metal features can be 
defined in one pattern exposure. 

20 Using this method, SET electrodes (source, drain, island and plunger) 

can be made from the same material (for example, evaporated Al), as qubit 
control gates, allowing both types of conducting features to be deposited in a 
simultaneous process step. 

Electron beam lithography (EBL), X-Ray lithography, scanning probe 
25 lithography or some other high-resolution lithography process may be used to 
write the patterns. The most convenient and well-developed of these is EBL. 

Al conducting regions can be produced by either thermal evaporation 
or electron-beam evaporation. 

A controlled dose of molecular oxygen maybe supplied between 
30 depositions to form a controllably thin insulating layer, necessary to produce 
SET read-out devices, as first described by Fulton and Dolan 8 in 1987. 

Unlike more conventional fabrication strategies, this approach requires 
only one EBL exposure to define all metal gates and interconnects, and also 
allows in-situ oxidation of the Al to form controllable tunnel junctions. 



SUBSTITUTE SHEET (RULE 26) 



WO 02/19036 



PCT/AU01/01056 



Resist 2, being more sensitive to electron-beam exposure than resist 3 
above it, is used to create resist profiles with overhangs. The overhanging 
resist acts as a shadowing element for the evaporations 5,6 . 

The evaporations are done from different angles, so that a junction is 
5 formed at the overlap. The size of this overlap determines the tunnel 

junction capacitance and tunnel resistance, and can be varied by changing 
the deposition angle 9 . 

The process may be used to make the metallisation circuitry registered 
10 to 31 P donors for a complete multi-qubit device. A similar process, using only 
one EBL exposure and a bilayer resist with double-angle evaporation, can also 
be used to make the metallisation circuitry for a twin-SET SSQC read-out 
simulation device. 

15 Brief Description of the Drawings 

Examples of the invention will now be described with reference to the 
accompanying drawings, in which: 

Fig. 1 is a schematic section of the double angle shadow evaporation 
technique. 

20 Fig. 2 is an EBL exposure pattern used in the technique to fabricate a 

twin-SET SSQC read-out simulation device. 

Fig. 3 is the self-aligned SET-control gate array resulting from double 
angle shadow evaporation of the pattern in figure 2. 

Fig. 4 is a scanning electron microscope (SEM) image of a complete 
25 fabricated twin-SET device, with double island architecture for SSQC readout 
simulation. 

Fig. 5(a) is a schematic section showing the triple-layer resist profile for 
the ion-implantation step, while (b) shows the resist profile for the triple- 
angle shadow evaporation steps. 
30 Fig. 6 is a schematic showing a complete 4-donor SSQC device, with 

SET read-out at either end, capable of production using the technique. 

Fig. 7 is a series of fabrication process schematics to make the device in 
Fig. 6, having the following steps: 

a. Definition of locus for ion implants (pattern A) 
35 b. Exposure of SET and gates EBL pattern B on bilayer resist to form 

cross pattern 
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c. 



d. 



e. 



f. 



Implantation 

SET and gate pattern development 
First metal evaporation 

Second metal evaporation - SET and J-gates formation 
Third metal evaporation - A-gates and plunger formation 



h. Computer device after metal lift-off and clean. 

Fig. 8 is (a) a schematic showing an experimental demonstration of 
cross patterns exposed and developed in a trilayer resist and (b) and (c) AFM 
images of substrate after etching and removal of resist. 



SET read-out at either end, capable of production using the technique. 

Fig. 10 is an EBL exposure pattern used in the technique to fabricate a 
6-donor SSQC device. 

Fig. 11 is an SEM micrograph of the gate array and SETs for a 6-donor 
15 SSQC device, fabricated using the technique, and the schematic below 
depicts a cross-section through the line marked XY. 

Fig. 12 is an SEM micrograph showing a test pattern in which metal 
depositions from two different angles have been accurately aligned to 
coincide spatially, leading to a double metal thickness, but a linewidth of 
20 only 45 nm. 

Fig. 13 is (a) an EBL exposure pattern used to fabricate a 2-donor 
device, (b) a schematic showing the gate array and SETs resulting from triple- 
angle shadow evaporation, and (c) and (d) SEM micrographs of demonstration 
metallisations using the pattern shown in (a). 
25 Fig. 14 is a schematic diagram of an SET device used for spin readout, 

as proposed by Kane 1 . 

Fig. 15 is a schematic diagram of a single A1-A1 2 0 3 SET. 

Fig. 16 is an SEM micrograph of completed SET device fabricated on a 
silicon wafer. 

30 Fig. 17 is a low temperature conductance characteristic of the SET at 

different source-drain biases. 

Fig. 18 is a graph of measured gate biases at which the SET 

conductivity is maximum, as a function of the peak index, showing the 

discontinuity at V g =129 mV. 
35 Fig. 19 is a schematic of the twin-SET architecture for detecting spin 

dependent tunnelling events. 



10 



Fig. 9 is a schematic showing a complete 6-donor SSQC device, with 
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Fig. 20 is a test structure for the twin-SET readout architecture. 

Fig. 21 is data from a twin-SET device showing (a) tunneling current 
measured as a function of SET plunger gate voltage, exhibiting Coulomb 
blockade oscillations, and (b] a greyscale plot of source-drain voltage as a 
5 function of plunger gate voltage, allowing charging energies to be determined. 

Fig. 22 is (a) an SEM micrograph of a twin-SET device, and (b) and (c) 
graphs of tunnelling current measured as a function of voltage applied to gate 
Al. 

Fig. 23 is (a) an SEM micrograph of a twin-SET device, and (b) a graph 
10 of tunnelling current measured as a function of voltage applied to gate Al 
(with V A1 = -V A2 ), for three different plunger gate voltages. 



Best Modes of the Invention 



15 (i) SET-to-control gate alignment 

In the nanoelectronic circuitry for the SSQC it is advantageous to 
integrate the conducting control gates (used to manipulate the nuclear or 
electronic spin of the qubit) in close proximity to SET devices (used to detect 
single charge displacement and hence perform qubit read-out). The control 

20 gates and SETs must also be aligned (or registered) to the underlying 31 P 

donors, which constitute the qubits in the SSQC. We first consider the issue 
of SET-to-control gate alignment, using fabrication of a twin-SET read-out 
simulation device as a specific example. In section (ii) we extend this 
strategy to design a fully-configured few-qubit SSQC device, for which we 

25 need to apply control gate-to-donor alignment 

Various types of SET structures have been demonstrated, however, the 
most convenient for integrated SET-control gate architectures is the A1/A1 2 0 3 
structure, defined by EBL and double-angle shadow evaporation 5,6 . This is 
because the SET electrodes (source, drain, island and plunger) can be made 

30 from the same material, namely evaporated aluminium (Al), as the qubit 

control gates, allowing both types of conducting features to be deposited in a 
simultaneous process step. Since the gate-gate separation in a SSQC, which 
is around 20 nm for nuclear-spin qubits 1 , or 200 nm for electron-spin qubits 3 , 
is well below the resolution limits of optical ultra-violet (UV) lithography, it 

35 is necessary to use a high resolution process such as electron beam 

lithography (EBL), extreme-ultra-violet (EUV) lithography, X-Ray lithography 
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or scanning probe lithography. The most convenient and well-developed of 
these is EBL. 

Al conducting regions can be produced by either thermal evaporation 
or electron-beam evaporation of Al metal. The circuit pattern can be written 
5 using EBL (or some other technique) into a resist layer. After development of 
the exposed resist, the remaining resist forms a mask to the evaporated metal, 
thus transferring the pattern from the resist to an Al circuit on the surface of 
the substrate. 

The SET-to-control gate self-alignment process would be simple if it 

10 were possible to deposit all of the Al features in one metal evaporation step, 
as described above. However, to form the A1/A1 2 0 3 SETs it is essential to 
deposit the Al island electrode in a separate metal deposition from the Al 
source and drain electrodes. Between these two deposition steps the Al 
surface is exposed to a controlled dose of molecular oxygen (O z ) to form a 

15 controllably thin (approximately 1-10 nm) A1 2 0 3 layer. This highly insulating 
A1 2 0 3 layer between the source and island, and between the drain and island, 
acts as a barrier to electron motion except via quantum mechanical 
tunnelling, and is essential for the operation of the device as a single electron 
tunnelling transistor (SET). 

20 Controlled M/M 2 OJAl tunnel junctions can be fabricated using a 

process known as double-angle shadow evaporation depicted in Fig. 1, 
invented by Dolan using photoresist 5 , and then used by Fulton and Dolan in 
198 7 8 for the first demonstration of an SET device using artificially fabricated 
tunnel junctions. Unlike more conventional fabrication strategies, this 

25 approach requires only one EBL exposure to fabricate the entire device, and 
also allows in-situ oxidation of the Al to form controllable tunnel junctions. 
A bilayer resist structure, in which the lower resist 11 is more sensitive to 
electron-beam exposure than the upper resist 12 is used to create resist 
profiles with large overhangs 13, as shown in Fig. 1. The overhanging resist 

30 13 acts as a shadowing element for two Al evaporations 14 and 15. The Al is 
oxidised in the evaporation chamber between evaporations to form the tunnel 
barriers without breaking the vacuum 8 . 

The evaporations 14 and 15 are done from two different angles, so that 
the actual junction is formed at the overlapping region 16. The size of this 

35 overlapped region determines the tunnel junction capacitance and tunnel 
resistance and can be varied by changing the deposition angle. 
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In order to achieve SET-to-control gate self-alignment, it is necessary to 
design an EBL exposure pattern which self-consistently leads to both the 
SETs and the control gates, without producing undesired extraneous features. 
An example of such a pattern is shown in Fig. 2. This pattern, after double- 
5 angle shadow evaporation, then produces a twin-SET read-out simulation 
device, although the basic concept can be equally applied to the metallisation 
circuitry for a complete multi-qubit device incorporating 31 P donors, as 
discussed in (ii) below. 

Fig. 3 shows the complete self-aligned SET-control gate array of the 

10 twin-SET device after the double-angle shadow evaporation. In this figure, 
the regions 31 depict the metal deposited from the first Al evaporation, and 
the regions 32 depict the metal deposited from the second Al evaporation. 
The regions 33 depict the small regions where the two layers overlap, 
separated by a thin A1 2 0 3 layer. 

15 A fully fabricated twin-SET device is shown in Fig. 4. A Leica 

Lithography Microsystems EBL-100 system at UNSW, with 3 nm ultimate 
spot-size, was used to define the initial pattern, as shown in the schematic of 
Fig. 2. 

The centre-to-centre distance of the two SET islands 41 and 42 is 
20 750 nm, while the entire nanostructure (plunger-to-plunger) is contained 

within 1400 nm. The width of the individual control gates, together with the 
source and drain electrodes of the SET, is 60 nm. All of these feature sizes 
can be reduced by a factor of ten, or greater, by improving the EBL spot-focus 
and adjusting the resist parameters. The ultimate EBL resolution limit is set 
25 by the resolution of the electron-sensitive resist used, which for PMMA has 
been shown to approach 5 nm 8 . The dimensions of the device shown are 
adequate for devices incorporating 31 P as electron spin qubits 3 . For devices 
incorporating 31 P as nuclear spin qubits 1 , it would be necessary to perform 
EBL at the current limit of resist resolution 8 . 
30 We now outline the specific process details for fabrication of the device 

shown in Fig. 4. 

The bilayer resist structure uses a P(MMA-MAA) copolymer for the 
more sensitive lower layer, which has a nominal thickness of 450 nm and a 
composition of 17.5% MAA in MMA. The sensitivity of the copolymer layer 
35 is increased by a deep-UV flood exposure for 90 minutes. The less-sensitive 
upper layer is PMMA of thickness 60 nm and average molecular weight 
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950,000. After EBL exposure using an EBL-100 lithography tool, the resist is 
developed in a 2.7:1 solution of IPArMEBK. Al is deposited from two 
different angles using a thermal evaporation system, with the angles 
determined by the offset necessary for accurate self-alignment of the pattern. 

5 Each of the two Al layers has a thickness of 30 nm. The A1 2 0 3 tunnel barrier 
is produced by exposing the surface to a pressure of 200 mTorr of 0 2 for 
3 minutes between the two evaporations. 

While control gate-to-donor alignment is absolutely critical for the 
SSQC, it may be possible to relax the alignment of the SETs to the control 

10 gates and donors, due to the very high charge sensitivity of the SETs. In this 
case, one could deposit the metal for the SETs in a separate metal evaporation 
step from that used to deposit the gates. The gates could then be produced in 
an initial EBL exposure on a single layer resist, while a later EBL exposure in 
a bilayer resist could produce the A1/A1 2 0 3 SETs. The control gates could 

15 then be made from a metal other than Al, which may have a lower diffusion 
rate through the Si0 2 surface barrier layer. Furthermore, the SETs could then 
be deposited after the ion implantation and annealing steps, which would 
allow the use of high (>400°C) annealing temperatures which would be more 
effective in removing the lattice damage created by the ion implantation 

20 process which could impair SSQC operation. Annealing carried out after SET 
deposition is limited to lower temperatures as the quality of A1 2 0 3 tunnel 
barriers may be degraded above 400°C. 

(ii) Control gate-to-donor alignment 

In addition to the alignment between SETs and control gates it is 
necessary to position the 31 P dopants, which constitute the qubits in the 
SSQC, directly under the A-gates, or under the SETs. This requires control 
gate-to-donor alignment. 

Two contrasting techniques may be considered for the placement of 31 P 
donors in a SSQC. The first utilises a bottom-up 1 design to construct the 31 P 
donor array at an atomic level using scanning probe lithography. The second 
uses a 'top-down 1 design in which 31 P donors are injected the required depth 
into the structure (5-100 nm below the surface) using ion implantation, either 
before or after deposition of the SETs and control gates. A regular qubit array 
can be achieved by using a mask which is resistant to the 31 P + ions, in which 
a series of holes have been defined at the appropriate spacing. Ion 



30 
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implantation through a mask is an existing industrial semiconductor process. 
This idea was first discussed as a means of producing a 2-donor SSQC test 
device based on electron spins by Vrijen et al. 3 

Due to the random distribution of ion positions laterally during 

5 implant, the 'top-down 1 fabrication route is statistically only feasible for few- 
qubit structures. This has been discussed by Vrijen et al. 3 , who point out that 
if the ion-implantation dose is adjusted so that on average only one 31 P + ion 
would pass through a hole in the mask, then by Poissonian statistics the 
probability of getting exactly one 31 P ion is P^O.367. (Note that P 2 is not 0.5 

10 since there could be 0, 1, 2, 3 . . . ions in each hole.) The probability of 

obtaining exactly N adjacent donor positions with exactly one 31 P + ion is then 
P N -Pj N . For a 4-donor system (which could be used for a 2-qubit device with 
nuclear-spin qubits and SET read-out) this produces a yield of 0.367 4 = 0.018, 
or roughly 1 in 50. 

15 Although low in yield, it is possible to envisage techniques whereby 

the passage of an ion marks the relevant location in some detectable way, 
thereby allowing perfectly configured devices to be chosen for subsequent 
processing. One proposal is to use a monolayer film of 60 C molecules on the 
surface prior to implantation, since these are known to fragment following 

20 ion bombardment by a single ion. 

The 31 P donor array, produced by the 'top-down 1 (ion implantation 
through a mask) technique, must still be aligned (registered) to the SET and 
control-gate circuitry to an accuracy better than half the width of a control 
gate. 

25 This is achieved using a technique of self-alignment in which 

alignment in one lateral direction (say the ^-direction) is obtained using a 
single EBL pattern exposure. A second EBL pattern is then exposed to 
provide positioning in the y-direction. These patterns could be exposed in 
either order, depending on the ordering choice of the resist layers used for a 

30 specific process. The alignment of one pattern to the other will require one 
EBL alignment step, which would introduce a maximum misalignment in the 
y-direction of tsy max = lOOnm between the array of 31 P dopants and the SETs 
used for qubit read-out. The exact value of Ay"" 2 * is set by the registration 
accuracy and technique of the EBL tool to be employed. Such a misalignment 

35 is acceptable due to the high degree of charge sensitivity of SET devices. 



SUBSTITUf E SHEET (RULE 26) 



WO 02/19036 



PCT/AU01/01056 



Alignment in the x-direction is perfect (i.e. Ax 22 "* =0), due to the self- 
alignment procedure detailed below. 

The fabrication process steps are now spelt out in detail. They involve 
a tri-layer electron-sensitive resist process, two stages of EBL exposure, ion 
5 implantation as shown in Fig. 5(a), and a triple-angle shadow evaporation 
process, as shown in Fig. 5(b). 

Test Case I: 4-Donor Device 

As an initial test case we consider the 4-donor device of Fig. 6, with 
10 four adjacent 31 P donors, each with a controlling surface A-gate above, and a 
coupling surface J-gate in between. In addition, we have a read-out SET (with 
plunger gates) at each end of the array. The device also has two additional 
gates between the SETs and the outer donors, which are a by-product of the 
triple-angle shadow evaporation fabrication process that is employed. If 
15 electrically floated, these gates could be used to selectively couple the SETs 
to the outer donors during the read-out cycle of the computation only. The 
high sensitivity of the SETs should still ensure that read-out is possible in 
this case. During the calculation cycle, when unintentional read-out would 
lead to decoherence, these gates could be grounded, to shield the SETs from 
20 the donors. 

It is stressed that there are many alternate SET and gate arrangements 
which could be used with the process described here and that shown in Fig. 6 
is used for representative purposes only. 

The 4-donor device depicted in Fig. 6 may be fabricated using a process 
25 flow such as that schematically presented in Figs. 7(a) to 7(h). Each of the 
process steps will now be discussed in turn. The process parameters given 
are typical values only. 

1. Oxide formation: 

30 Grow high quality oxide (typically 2-10 nm) on a high quality silicon 

substrate. 

2 . Electron beam lithography written alignment marks : 

Coat the wafer with 50 nm 950,000 to 2,000,000 molecular weight 
PMMA, write vernier comb and coarse alignment marks, develop the pattern, 
35 deposit 10 nm titanium (Ti) metal and 40 nm gold (Au) metal, lift-off excess 
metal and clean the wafer. Other materials, such as platinum, palladium, or 
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polysilicon may be used as the alignment marker, depending on pattern 
recognition by the EBL. 

3. Define locus for ion implants (pattern A): 

Coat the wafer with resist 1, which may be a resist such as PMGI (ie., 

5 electronbeam- and photo-sensitive and/or ion-sensitive resist). Note: the 
resist process will be designed such that resist 1 uses a different developer 
solution than resists 2 and 3, and also, so that it undergoes minimal 
intermixing with resists 2 and 3. 

Align to the EBL alignment marks (+/- 100 nm) and write pattern A, 

10 which defines the locus for subsequent ion implants. Develop pattern A with 
the selective developer (AZ351 would be used for the PMGI resist) and flood 
expose the surface with DUV 240 to 280 nm wavelength to sensitise the PMGI 
resist to aid its removal in step 6. Note: The DUV sensitisation may also be 
done after the ion-implantation (step 5). Note: resist 1 could also be formed 

15 by plasma deposition of an inorganic resist, such as Si 3 N 4 , followed by 

coating with an organic resist such as PMGL The cross pattern would then be 
written with EBL into the organic resist and developed, after which the 
inorganic resist would be developed using an appropriate etchant The 
advantage of this approach is that, in later processing (see step 6), the 

20 inorganic etchant would not develop the subsequent resist layers, and the 
organic developer would not develop this organic resist. 

4. Pattern B formation on copolymer/PMMA bilayer resist: 

Coat the wafer with resist 2, which may be a copolymer such as 
P(MMA-MAA) (8% to 25% of MAA in MMA depending on process 

25 requirements) and then with resist 3, which may be PMMA (950,000 to 

2,000,000 molecular weight PMMA, although a hard mask material such as 
germanium (Ge) or silicon dioxide (Si0 2 ) may be considered), align to the EBL 
alignment marks and expose with EBL pattern B for the SETs, A and J gates. 
Partially develop the exposed PMMA and copolymer layer with the 

30 PMMA developer (2:1 IPA-.MJBK) so that the resist profile appears as in Fig. 
5(a), corresponding to a series of trenches in resists 2 and 3 of width 5-50 nm 
where pattern B is defined (see also Fig. 7(b)). Note that the crossing of 
patterns A and B produces a series of four holes in a straight line (white 
regions in Fig. 7(b)) where the Si/Si0 2 substrate is fully exposed. 

35 5. Self-aligned dopant implant: 
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Implant with 31 P ions with an areal dose such that, on average, one ion 
would land in each hole (see Fig. 7(c)). For a hole diameter of 20 nm this 
would correspond to a dose of typically 10 11 ions/cm 2 . The ion source may be 
gaseous PH 3 or a solid P source and the implant energy may be 1-15 keV, as 
5 necessary for the required implant depth. 

6. SET and gate pattern develop: 

Fully develop the SET and gate pattern (pattern B) with the 
PMMA/copolymer developer to produce an undercut profile as depicted 
schematically in Fig. 5(b) and Fig. 7(d). Remove (strip) the bottom layer of 

10 resist 1 (PMGI) with the selective aqueous developer (such as Microchem 

Corporation 'AZ35T developer). Note that resist 1 will only be removed up to 
the edges of the cavity and will remain beneath undeveloped regions of resist 
2 (the copolymer). Note also that an aqueous stripping solution (such as 
Microchem Corporation 'Nano Remover PC Photoresist remover) could be 

15 used to remove the PMGI, which would eliminate the requirement to 
sensitise it with DUV in step 3. 

7. First angle evaporation: 

Using a positive angle such as 12.5 degrees (dependent upon the final 
resist thickness and pattern separation required), evaporate 30-40 nm gate 
20 metal (Al), then oxidise 1-2 nm Al to form the A1 2 0 3 tunnel barrier for the 
SETs. Other conducting layers and SET barriers may be used as required. 

8. Second angle evaporation: 

Using a negative angle such as minus 12.5 degrees, evaporate 30-40 nm 
gate metal (Al). 
25 9. Third angle evaporation: 

Using a zero degree angle, evaporate 30-40 nm gate metal (Al). 
10. Metal lift-off: 

Lift-off all layers in solvents to reveal completed device. Passivate or 
glassivate the surface as required. 
30 11. Annealing: 

Heat (anneal) the sample to a temperature, and for a time, necessary to 
activate the 31 P donor ions and to anneal out damage which may have 
resulted from the implantation process (step 5). The specific details of the 
annealing process will be a compromise between the need to remove 
35 implantation damage, and the need to minimise both ion diffusion and 
potential damage to the SET devices. 
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Figure 8(a) is an image of a partially-developed tri-layer resist utilising 
PMGI, copolymer and PMMA (from bottom to top), with crossing line arrays 
exposed using EBL. The vertical lines were EBL exposed in the PMGI on a 
5 pitch of 2 jim and then developed. Gopolymer/PMMA was then spun onto 
the sample and the horizontal lines were EBL exposed in all layers on a pitch 
of 5 |xm. Partial development with 1:1 IPA:MIBK opened trenches in the 
copolymer/PMMA, but left the PMGI unaffected, as required. After etching 
with a hydrofluoric (HF) acid solution, atomic force microscope images 
10 shown in Figs. 8(b) and 8(c) confirmed that etch pits were formed only where 
lines crossed each other. This result confirms the mutual compatibility of the 
three resists used for this process. 

Test Case II: 6-Donor Device 

15 As a second example, we consider the fabrication of a SSQC device, 

which incorporates six 31 P donor ions, with SET read-out devices at either 
end (see schematic in Fig. 9). The central region of this design incorporates 
the same philosophy as for the 4-donor design, and indeed, it is possible to 
continue adding A- and J-gates indefinitely to create AT-qubit devices with 

20 large N. The limitation on this approach is that the probability of achieving a 
device with exactly one 31 P donor under each A-gate decreases with AT with a 
probability P N =P t N , where P^O.367. 

The process flow for the 6-donor device is identical to that given above 
for the 4-donor device, except that a different EBL pattern is used for the 

25 SETs and gates (step 4). This pattern is shown in Fig. 10. Note that this 
pattern has a slightly different layout in the vicinity of the SETs. 

Fig. 11 includes an SEM micrograph showing the complete SET and A- 
and J-gate circuitry for the 6-donor device, deposited using the triple-angle Al 
deposition described in the process flow. The darker regions in the SEM 

30 image show the extent of the undercut profile present in the copolymer (resist 
2). Note that the PMMA layer (resist 3) was therefore self-supporting over a 
distance of order 2 \xm. The diagram below the SEM image in Fig. 11 shows a 
schematic cross-section along the line XY. The schematic shows the 
intended locations of the 31 P ions, although ion implantation has not been 

35 carried out on this sample. Note that due to the EBL pattern design, the J- 
gates in the circuit have two layers of metal deposited on top of each other. 
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This leads to slightly wider J-gates than A-gates (see SEM image in Fig. 11), 
however, it is still possible to achieve narrow J-gates if the deposition angles 
are accurately controlled. This is demonstrated in Fig. 12, which shows a 
double-angle metal deposition of J-gates, using the EBL pattern of Fig. 10, and 
5 in this case the gate width is only 45 nm. In this case the third (zero) angle 
deposition has not been carried out, so no A-gates are present. 

Test Case DDE: 2-Donor Device 

As a third example, we consider the fabrication of a SSQC device 
10 which incorporates two 31 P donor ions and SET readout devices beside each 
donor (see Fig. 13]. 

The process flow for this device is identical to that for the four and six- 
donor devices described above, with the exception that a different EBL 
pattern is used for the SETs and the control gates. This pattern is shown in 
15 Fig. 13(a). Fig. 13(b) is a schematic showing the resulting gate and SET array 
following a triple-angle evaporation through the EBL-defined mask of Fig. 
13(a). 

An experimental demonstration of the SET and A- and J-gate circuitry 
for this two-donor device is given in Fig. 13(c), which clearly shows the lead 

20 arrangements for external electrical connection. Fig. 13(d) shows a detailed 
view of the central region of the device. This circuitry was fabricated using 
the same steps described for the twin-SET device shown in Fig. 4, except that 
a triple-angle evaporation process was used, along with a different EBL 
pattern. Note that once ion implantation is carried out using this design, the 

25 device will be similar to the twin-SET read-out simulation device, except that 
there is now a J-gate located between the two donors. More importantly, the 
fully-configured device could be used to measure electron-spin and possibly 
nuclear-spin relaxation times. 

30 (iii) Nanocircuits that may be fabricated using the technique - Read-out in 
a SSQC 

The ability to detect the spin state of a single electron or nucleus is of 
great interest not only in its own right, but also because of its application to 
quantum computation. One approach to single spin detection is to directly 
35 detect the magnetic field, for example with a scanning magnetic resonance 
force microprobe 9 . An alternative approach is to detect a spin-dependent 
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tunnelling event, and thereby deduce the electron spin 1 . A schematic 
arrangement of such an experiment, as proposed by Kane 1 , is shown in 
Fig. 14, and it will be appreciated that such a structure can be fabricated 
using the technique described above. 

5 The gate electrodes are used to create an electric field that encourages 

an electron to tunnel from one atom to the other. However, due to Pauli 
exclusion, this tunnelling is blocked if the two electrons are in the same spin 
state. On the other hand, if the two electron system is in a singlet state, with 
anti-parallel electron spins, tunnelling is permitted. Thus a measurement of 

10 the spin-dependent tunnelling can be used to determine the spin state of a 
qubit, as described by Kane 1 . This single electron tunnelling event can be 
detected by a highly sensitive electrometer, such as a single electron 
transistor. The conductance of an SET is extremely sensitive to the 
electrostatic landscape, and in principle the SET can detect the movement of 

15 a single electron from one donor atom to another. 

In Fig. 16 we show an Al-based SET that has been fabricated using 
standard bilayer resist, electron-beam lithography and double-angle 
shadowevaporation 5,6 . The configuration of the SET is schematically depicted 
in Fig. 15. At low temperatures, the conductance (G) of the SET oscillates 

20 periodically as the voltage bias [V g ) on the plunger gate is increased (see Fig. 
17), due to single electron charging. The data is highly reproducible, and also 
shows how the oscillations are washed out as the source-drain bias is 
increased. The period of the oscillations is given by AV g =e/C g , where C g is the 
capacitance between the plunger gate and the island. From an analysis of 

25 this and other data we estimate that C g =2.3 aF, and the charging energy of the 
dot is 0.12 meV. 

However the SET is sensitive to the motion of any charge in its vicinity, 
not just the spin dependent tunnelling process we wish to detect. This can be 
clearly seen in the data of Fig. 17, where a kink occurs in the data at 

30 V g =129 mV. This kink cannot be caused by a random tunnelling event, as it 
occurs in each of the traces in Fig. 17 at the same V g . If we plot the plunger 
gate bias at which the conductivity maxima occur against the peak index, 
shown in Fig. 18, we see there is a sudden discontinuity at V g =129 mV, 
exactly where the kink in the raw data occurs. However the slope of the 

35 lines, and hence the period AV g remains constant away from this 
discontinuity. 
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This discontinuity may be due to a trap in the silicon oxide layer 
changing its ionisation state, causing an abrupt change in the electrostatic 
potential felt by the SET. Although the gate voltage necessary to charge these 
traps will not be reproducible between devices, it can be seen that these 
5 charging events are reproducible in that they always occur at the same 
plunger gate voltage. Charging of traps such as observed here is likely to 
occur in a real SSQC, and it is therefore necessary to have a method to 
distinguish between spin-dependent tunnelling events in the SSQC, and the 
tunnelling of charge to/from trap states near the SET. 

10 To enable this distinction to be made we have devised the architecture 

shown in Fig. 19. Here SETs are placed on either side of the two P-atoms in 
which the spin dependent tunnelling is to occur. This twin-SET design 
makes it possible to discriminate random events near one of the SETs from 
spin-dependent tunnelling events. A random charging event will affect both 

15 SETs in the same manner, although presumably the SET closest to the trap 
will be more strongly affected. However, as the electron tunnels from one P- 
atom to the other, it will affect the two SETs in equal but opposite senses: the 
left-hand SET will register the departure of the electron from the first P-atom, 
whereas the right hand SET will register the arrival of the electron at the 

20 second P-atom. Thus an anti-correlation measurement of the output of the 
two SETs will make it possible to reject almost all unwanted signals from the 
system due to random charge fluctuations. 

The simplest measurement scenario is thus to gradually increase the 
differential bias across the two A-gates, and look for an anti-correlated output 

25 of the twin-SET as a signal of single electron tunnelling. Indeed this concept 
has already been demonstrated in the context of quantum-dot cellular 
automata, where a rectangular grid of four quantum dots is used to store 
information in the polarisation of the dots 7 . 

A further refinement of this technique is to superimpose an ac 

30 modulation on the dc bias applied to the A gates, which modulates the 

electric field which causes the electron tunnelling. Thus instead of trying to 
detect a single tunnelling event, we can lock in to the correlated twin-SET 
response at this frequency, and detect the polarisability of this artificial 
double atom molecule. If the electron spins are antiparallel, there is no Pauli 

35 exclusion between the two electron clouds, and the molecule is polarisable. 
However if the electron spins are aligned, the Pauli exclusion reduces the 
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polarisability of this system. Thus an ac measurement of the polarisability of 
a double quantum dot system can be used to readout the electron spin states, 
while significantly reducing background noise by only measuring at the ac 
modulation frequency. Operating the SETs at radio-frequencies provides 

5 further reduction of unwanted noise, by moving away from low frequencies 
where Iff noise dominates 10 . 

In order to test this measurement architecture, a device with two metal 
dots connected by a tunnel junction instead of two P atoms and without J- 
gates was designed, Fig. 20. This design is considerably more compact than 

10 the quantum dot cellular architecture of Ref. [7], and the arrangement of 
gates, Al islands and SETs is similar to the device that is required for single- 
spin detection in a SSQC. The devices were fabricated utilising the same 
techniques that are described above, producing devices such as that shown in 
Fig. 4. 

15 For this test architecture the measurement proceeds along the following 

lines. 

The conductance values of the two SETs are monitored separately with 
two independent measurement circuits. The plunger gate biases are then 
adjusted to position the two SETs at the most sensitive point in their G-V g 

20 characteristics, where dG/5V s is maximum. Fig. 21(a) shows the I-V g 

characteristic for one SET in a twin-SET device, and Fig. 21(b) shows a full 
characterisation of source-drain voltage as a function of V g for the same 
device, from which the dot charging energy can be determined. 

The dc biases on the control A-gates are then gradually increased to 

25 cause an electron to tunnel from one of the central aluminium islands to the 
other. A small ac modulation at frequency f superimposed on this dc bias 
allows us to lock the outputs of the SET to this frequency, eliminating 
background noise. When the electric fields set up by the control A-gates are 
sufficiently large to allow an electron to tunnel, the conductances of the two 

30 SETs will simultaneously change in opposite senses, and an anti-correlation 
measurement can thus detect the single charge tunnelling. Fig. 22(a) is an 
SEM micrograph of a twin-SET device, highlighting gate Al. Figs. 22(b) and 
(c) are data obtained on this device with experimental plots of the tunnel 
current measured as a function of voltage on gate Al, showing structure 

35 which appears to arise from the controlled transfer of single charges across 
the tunnel junction of the coupled metal dots, as expected. 
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Fig. 23(a) is an SEM micrograph of a twin-SET device, highlighting 
gates Al and A2. Fig. 23(b) is a graph of the tunnel current measured at three 
different plunger gate voltages as a function of voltage on gate Al with an 
opposite voltage applied to gate A2 [V M = -V M ) in order to introduce a field 
5 gradient across the double dot structure. By balancing V A1 = -V^, the average 
potential seen at the SET is held approximately constant, and was chosen to 
be at a level such that the average current I ac was approximately half the 
maximum peak level (1^—300 pA). As V M is varied, compensates to 
ensure the current is held roughly constant. However, the varying V M = 

10 will cause electron tunnelling events from one dot to another. These events 
are observed as oscillations in/ ao in Fig. 23(b). 

A further refinement to this measurement technique is to continuously 
adjust the two plunger gate voltages to keep the SETs at their most sensitive 
points in the G-V g characteristics. In this case, the measured output signal is 

15 the plunger gate voltage, in analogy with the error feedback signal in an STM 
measurement. 

The references used in the text above are incorporated herein by 
reference: 

20 

[1] B.E. Kane, Nature 393, 13 (1998). 
[2] B.E. Kane, Patent Application PCT/AU98/00 77 7. 
[3] R. Vrijen et al., Phys. Rev. A 62, 012306 (2000). 
(4] B.E. Kane, Patent Application PCT/AU98/00 778. 
25 [5] G.J. Dolan, Appl. Phys. Lett. 31, 337 (1977). 

[6] T.A. Fulton and G.J. Dolan, Phys. Rev. Lett. 59, 109 (1987). 

[7] I. Amlani, AO. Orlov, G.L. Snider and G.H. Bernstein, J. Vac. Sci. 

Technol. B 15, 2382 (1997). 

[8] W. Chen and H. Ahmed, Appl. Phys. Lett. 62, 1499 (1993). 
30 [9] P.C. Hammel, Z. Zhang, G.J. Moore and ML. Roukes, J. Low Temp. Phys. 
101, 59 (1995). 

[10] R.J. Schoelkopf, P. Wahlgren, A.A. Kozhevnikov, P. Delsing, D.E. Prober, 
Science 280, 1238 (1998). 

35 It will be appreciated by persons skilled in the art that numerous 

variations and/or modifications maybe made to the invention as shown in the 
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specific embodiments without departing from the spirit or scope of the 
invention as broadly described. The present embodiments are, therefore, to 
be considered in all respects as illustrative and not restrictive. 
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Claims 

1. A method for fabricating nanoelectronic circuits, including the steps of: 
coating a semiconductor substrate with one or more layers of resist; 
exposing a first circuit pattern into the one or more layers of resist; 
exposing a second circuit pattern into the resist layers, such that this 

5 pattern crosses the previously exposed pattern; and 

developing the patterned resist layers to open holes through them 
which extend down to the semiconductor substrate surface only where the 
patterns cross over each other. 

2. A method according to claim 1, where the step of exposing a first 
0 circuit pattern is followed by development of this pattern. 

3. A method according to claim 1, where the step of exposing a first 
circuit pattern is followed by coating with one or more additional layers of 
resist. 

4. A method according to any preceding claim, including the further step 
5 of implanting an ion through each hole. 

5. A method according to any preceding claim, including the further step 
of further developing the patterned resist layers to open further areas of the 
semiconductor substrate surface around the holes. 

6. A method according to any preceding claim, including the further step 
0 of evaporating metal at different angles through remaining resist layers to 

create active devices and conducting control gates on the semiconductor 
substrate surface positioned relative to the implanted ions as determined by 
the angle of evaporation. 

7. A method according to any preceding claim, where one circuit pattern 
5 defines the geometry of active devices and conducting control gates, and 

another circuit pattern defines the locus on which the holes are to be opened 
for the ion implantation. 

8. A method according to any preceding claim, where both circuit 
patterns are written with the same resolution and accuracy as each other. 

0 9. A method according to claim 7 or claim 7 and 8, where part of the 
complex pattern for the active devices and conducting gates is a series of 
parallel straight lines and the other pattern is a straight line transverse to the 
straight lines of the other pattern. 
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10. A method of fabricating nanoelectronic circuits suitable for solid state 
quantum computer control and read-out, according to claim 6, utilising a 
multi-layer resist through which one or more ions are implanted through 
each hole, and a multi-angle metal deposition used to create the active 

5 devices and the control gates registered above the implanted ions. 

11. A method of fabricating nanoelectronic circuits suitable for solid state 
quantum computer control and read-out, according to claim 6 or claim 10, in 
which a three-layer resist is used, and a double-angle or triple-angle metal 
deposition is used. 

10 12. A method according to claim 10 or claim 11, comprising the steps of: 
coating a semiconductor substrate with a first resist; 
writing a first pattern for the locus of ion positions into the first resist; 
developing the first pattern; 

coating with a second resist and then with a third resist of lower 
15 sensitivity than the second resist, where both the second and third resist use 
a different developer process to the first resist; 

writing a second pattern for the metal circuitry into the resist layers 
such that the second pattern crosses over the first pattern; 

partially developing the second pattern, such that trenches are opened 
20 in the second and third resists only where the second pattern is defined, and 
such that holes down to the silicon substrate are opened only where the first 
and second patterns cross each other. 

13. A method according to claim 12, comprising the additional step of: 
implanting single ions through each hole; 
25 14. A method according to claim 13, comprising the additional step of: 
fully developing the second pattern to create a cavity region under the third 
resist 

15. A method according to claim 14, comprising the additional step of: 
removing the remainder of the first resist which lies within the cavity. 
30 16. A method according to claim 15, comprising the additional step of: 
evaporating metal at a first angle through the resist layers, 

17. A method according to claim 16, comprising the additional step of: 
oxidising the surface of the first metal layer. 

18. A method according to claim 17, comprising the additional step of: 
35 evaporating metal at a second angle through the resist layers. 

19. A method according to claim 18, comprising the additional step of: 
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evaporating metal at a third angle through the resist layers. 

20. A method according to claim 19, comprising the additional step of: 
lifting-off all resist layers in solvents to reveal a completed device. 

21. A method according to claim 20, comprising the additional step of: 
5 passivating or glassivating the surface as required. 

22. A method according to claim 21, comprising the additional step of: 
annealing the sample to activate the dopants and remove ion-beam damage. 

23. A nanoelectronic circuit fabricated according to the method of any 
preceding claim. 
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SET AND SATE PATTERN DEVELOPMENT 
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